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STMMARY

A general method has been developed for calibrating strain-gage
installations 1in alrcraft structures, which permits the measurement in
flight of the shear or 1lift, the bending moment, and the torque or
pitching moment on the principal lifting or control surfaces. Although
the stress in structural members may not be a simple function of the
three loads of interest, a straightforward procedure is given for numeri-
cally combining the outputs of several bridges in such a way that the
loads may be obtained. Extensions of the basic procedure by means of
electrical combination of the strain-gage bridges are described which
permit compromises between strain-gage installation time, avallability
of recording instruments, and data reduction time. The basic principles
of strain-gage calibration procedures are illustrated by reference to
the data for two aircraft structures of typical construction, one a
straight and the other a swept horizontal stabilizer.

INTRODUCTION

The measurement of loads on aircraft in flight is required for a
variety of purposes such as in research investigations, structural integ-
rity demonstrations, and developmental flight testing. Although pressure-
distribution methods permit the determination of serodynamic loads without
corrections for inertia effects, pressure installations must be very com-
plete in order that accurate load data may be obtained. Since the time of
installation and data reduction may be lengthy, the general use of
pressure-distribution methods in the measurement of loads on aircraft in
flight is avoilded except when specific detailed load-distribution data
are desired.

lgupersedes the recently declassified NACA RM L52G31, "Celibration of
Strain-Gage Installations in Alrcraft Structures for the Measurement of

Plight Loads" by T. H. Skopinski, William S. Aiken, Jr., and Wilber B. Huston,

1952.
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A more useful tool for the measurement of the over-all loads on air-
craft structures appears to be the wire resistance strain gage. Properly
installed and calibrated, such gages may be used to determine the struc-
tural loads on control surfaces, landing-gear structures, and relatively
complex built-up wing and empennage assemblies. The measured structural
loads can, 1in turn, be converted to serodynamic loads provided the struc-
tural weight distribution is known and the acceleration dilstribution has
been measured.

References 1 to 5 illustrate various strain-gage calibration tech-
niques, certain elements of which are common to a general method which
has been used successfully in flight loads research by the National
Advisory Committee for Aeronautics since 194k; references 6 and 7 contain
typlcal flight loads data obtained by the application of this general
method. Because of the increased Interest in strain-gage methodes, and
in an attempt to resclve some of the difficulties which are being encoun-
tered In the use of strein gages for flight loads medsurements, the pre-
sent paper is being published.

In this paper a basic calibratlon procedure is developed for cali-
brating strain-gage installations on ailrcraft structures which permits
the measurement in flight of the shear, bending moment, and torque.
Extensilons of the basic procedure by use of electrical combination of
strain-gage bridges are described which permit compromises between
strain-gage installation time, aveilability of recording instruments,
and data reduction time for flight measurements. Since many of the ele-~
ments of the calibration procedure are best illustrated by reference to
and use of experimental data, this paper alsoc includes calibration data
and analysis procedures used for two typical aircraft structures. In
addition, three other calibration procedures of very limited application
are briefly discussed in en appendix.

SYMBOLS

Ip general symbol for shear, bending moment, or torque

(see eq. (40))

M bending moment, in.-1b
T torque, lb-in,
v shear, 1b - B

Note: Prime (!) denotes applied values of calibrate loads. _ -
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Subscripts pertaining to M, T, and V or M', T', and V':

aiJ

L left
R right

J number of applied loads for exact simultaneous-equation
solutions

n number of applied loads for least-squares solutions

preliminary load coefficient for structure A
preliminery load coefficient for structure B
final load coefficient for structure A

final load coefficient for structure B
constants in equation (34)

element of inverse matrix

distance from torque reference line, in.
general term for nonlinear chord position effect

distance perpendicular to center line outboard of strain-gage
station, in.

distance along sweep axis outboard of strain-gage station, in.
genergl term for nonlinear span position effect

constant in influence-coefficient equation

constant in load equation

deflection of galvanometer in strain-gage circuit

calculated galvanometer deflection given by equation (35)

deflection of galvanometer in straln-gage circuit due to
shunting of calibrate resistor across one arm of the strain-
gage bridge
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residual, difference between calculated and applied shear
nondimensional bridge response, 8&p../8cq3

nondimensional response of the 1% yncombined strain-gage
bridge (1 =1, 2, 3, . . . J)

nondimensional response of the jth uncombined strain-gage

bridge due to the jth applied calibrate load (exact
golution, i=1,2, 3, .. . J)
nondimensionsl response for the Jth uncombined strain-gage

bridge due to the n®B applied calibrate load (least-
squares solution, n > J)

nondimensional response of an uncombined shear bridge

nondimensional response of an uncombined bending-moment bridge

nondimensional response of an uncombined torque bridge

Additional subscripts for u:

Second subscript: . —

L left side

R right side
F front spar
M mid spar

R rear spar

FT front top
FB front bottom
RT rear top

RB rear bottom
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Third subscript:
1 strain-gage station 1
2 strain-gage station 2

Example: “VLF]_ designates the nondimensional response of an

uncombined shear bridge mounted on the left front spar at strain-
gage station 1

p nondimensional response for electrically combined bridges,

Smax/ Scal

Note: Subscripts for p are the same as for p except that spar
location of combined bridges is not required.

Matrix symbols:

[ ] square matrix

” ” rectangular matrix

“ H transpose of rectangular matrix

Lo row matrix
{ } column matrix
-1
[:l inverse matrix
l [ :| l determinant of matrix
i row index

J column index
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BASTIC PROCEDURES FOR CALIBRATION

General Conaiderastions

Although the use of the wire resistance strain gage for loads
measurements 1s in some respects similar to its use In stress deter-
mination, a somewhat different approach is required since strain is to
be used only as & means of obtalning information about the locads. In
stress measurement, a single strain gage is usually uUsed to determine
the gtress in a member. In loads measurement, four-active-arm bridges
are generally applied on the principal structural members in order %o
obtain higher sensitivity and relative freedom from the effects of
uniform structural temperature changes.

In flight research the loads of primary interest are generally those
on wing or tail surfaces, and, in order to-simplify the exposition of the
procedures in this paper, descriptiona are generelly given in terms of a
cantilever structure such as a wing or tall. The methods may, however,
be utilized with other structures. —

The first step in the measurement of flight loads by means of strain
gages is a selection of the gage location, which depends on the measure-
ments to be made. It is necessary to locate the gages at positions where
the stress levels will be adequate to obtain good sensitivity and, at the
same time, be away from areas of local stress concentratioms. A typical
Installation is 1llustrated in figure 1(&), where four-active-arm bridges
are shown installed on a typical two-spar structure. Ideally, it would
be desirable to place the gages at a position such that a shear bridge
would respond only to shear, and, as in reference 1, a moment bridge only
to moment, and so forth, but—generally it is only 1n an elementary truss
type of beam that 1ocations can be found where such a simple relationship
between load and strain exists.

The loads on a surface such as an airplane wing cen be completely
specified by three orthogonal forces (normal, chord, and end force) and
by three orthogonal moments (beam bending moments; torque, and chord
bending moment). The strain in a given structural member can, therefore,
be expected to be some function of-these six quentities, and this strain
response must be taken into account in any scheme which relates bridge
output to applied load. Such a scheme should also allow for the fact
that, with a complex structure such as a wing or teil, the stress in a
root member may be affected not only by the loads outboard of the bridge
station but also by loads on the opposite side or inboard of the strain-
gage station. This carry-over effect can be of significence with unsym-
metrical loading conditions. Certain simplificatiods are possible, how-
ever, since the end force on wings can be neglected, and the effects of
chord forces will be negligible for the types of strain-gage installation
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shown in figure 1. For a wing structure which obeys Hooke's law, the
stress in a member and, therefore, the output of a strain gage mounted
on that member may be taken as some function of the three principal
terms pertinent to aerodynemic loads investigetions, the 1lift or shear,
the bending moment, and the pitching moment or torque.

Development of Equations

The simplest relation between the output K of a strain-gage bridge
and the loads (shear, moment, and torgue) on a panel outboard of that
bridge can be expressed by the linear equation

Hy = @V +ag M+ a,qT (1)

In the presence of carry-over, an expansion of this relation would be
necessary in order to include the response of the bridge to loads applied
on the opposite side or inboard of the bridge station. Such additional
terms are introduced where necessary in the section entitled "Application
of procedures.”

The loads in equation (1) need not represent loads distributed over
the entlre area outboard of the strain-gage station provided the structure
conforms to the principle of superposition; that is, the strain at a par-
ticular location due to loads applied simultanecusly to several points on
the structure is the algebraic sum of the strains due to the same loads
applied individually. In this case, the load in equation (1) could be a
load with a shear value V applied at some point with coordinates x,y.
Thus the load would have bending moment and torque values given by

M=Vy
(2)
T =Vx
in which case equation (1) can be rewritten as
My
TS @yt Eyp¥ + @yaX (3)

Equation (3) implies that bridge output is proportional to the
applied shear V and also that the relation between the output and the
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coordinates of the point of application (x,Y) is linear. Although the
two types of linearity represented by equation (3) are rather severe
restrictiona, certain calibration procedures have essentially been based
on this equation, and are treated briefly in the appendix. In the general
case, equation (3) is not adequate. Although structures have usually
followed Hooke's law, additional terms involving other than the first
power of the coordilnates are required if an explicit expression for
bridge response 1s to be written. Nonetheless, equation (3) is useful

in evaluating the performance of a bridge, if loads are applied at a
number of points on the surface and the bridge output expressed as u/V
is plotted against the y coordlnate of the point of application with

x as an independent—parameter. Shear sensitivity is represented on such
& plot by the in?ercept (equal to ®%i1) when x = y = 0. Bending-moment

sensitivity i1s shown by the slope aj, of a plot of u/V againgt y

for a constant value of x, whereas torque response is represented by the
variation of u/V with x at constant values of y. The value of u/V
thus represents a sort of strain-gage influence coefficlent, and since it
represents the influence on the bridge output of a load at a given point,
plots of u/V against x and y are termed "influence-coefficient
plots.” Curvature in these plots for.loads sapplied along any strailght
line on the structure indicates the necessity of including additionsl
terms in the bridge-response equation. Although the form of these addi-
tional terms could perhaps be specified on theoretical grounds for some
structures, it ls shown that it is not necessary to know explicitly what
these additional terms are.

An extension of equation (3) which includes additional terms
involving the ccordinates and which could apply to any of the bridges
located in the structure is

My = ailv + miéVy + ai3Vx + aithy +

2 2 -r. 8
mi5Vx +a YT+ aiJVx ¥ (&)

A callbration procedure can be evolved which allows for the presence of
the addltional terms by establishing relationships between applied load
and the outputs of a number of bridges. The basis of this procedure and
its application are 1llustrated in the equations which follow.

When bridges exhlbit responses which can be represented by equa-
tion (L), with a finite number of terms (say J), then equations may be
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written to relate the applied shear and its point of application to the
output of each of J bridges as follows:

- e
r s
By = cr,llV + oolgVy + cx,l3Vx + alll_ny + . . .+ cr,lJVx Y
My = ap ¥ + a  Vy + cr,23Vx + oy UKy £ . . .+ aQJeryB
= a3V + Q2oVy + Q223VX + @ VXY + . . . + agsVxE
H3 = 031V + agly + aggVx + agVxy 37N ()
My = oz,JlV + cr.J2Vy + cr.J.3Vx + a,JLI_ny .. .+ a,JJerysu
- These equations are expressed in matrix form as
- ~ N o~ A
Hy g q %5 or,l3 . . a’l,j v
[.12 (1,21 &22 d.23 e CLej Vy
43 @ a a P « S Vx
= 31 2
< 3 > - 3 33 33 < > (5b)
., - . -/
or
{p} = [«] erys} (5¢)
s Equations (5) express the output of & number of bridges as a linear

function of an equal number of terms of the type VxTy®. The inverse
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relation 1s therefore true that the loads can be expressed as a linear
function of the outputs of J brldges, or

{verh = [ {} (6)

where . . . . . _ ) .

6] = [ (7)

The necessary mathematical conditlon for the existence of a solu-
tion for the B coefficients of equation (6) is that the determinant
of the a coefficients of equations (5) shall not vanish, that is

|[| # o ®)

This condltion means that the J strain-gage bridges must have dlf-
ferent characteristice, that is, the values of « for each bridge must
not_be linearly related to the values of o for the other bridges. If
this solutlon exlsts, it is not necessary to know the values of the con-
stants @;4 in the influence-coefficient equations (5) since the load

coefficients Byj in the load equations (6) could be determined by a

sultable procedure. The primary purpose of the procedure, however, is
to establish relationships between bridge response and the three loads,
shear, moment, and torque. It is therefore not necessary to evaluate
all of the B coefficients in equation (6) but only the values of the
coefficients in the firat three rows, that is:

)

s |

Ho
v Bi1 Bio Bz -« - . Pay

m

<"3>
M = }1Bo1 PBoo Boz - ¢ - Bogj| ], (9)
T P31 B3z B33 - - - B3zl |-

i

L)
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If these coefficients can be established, then equation (9) could
be used for the determination of loads in flight from strain-gage
responses.

The coefficients By3 . . - Blj in the equation for shear

)
H1
Ho

V= |f11_ Bip Bz - . - B1j <"3 > (10a)

H3
_ —

or transposed &8s

V= lfl My By o o. uj_|4BI3L (10b)

B
ey
can be determined if a number of known loads with shear values V'l

to V'jy are applied to the structure. In view of equation (4) these

loads must be applied at various chordwise and spanwise locations. If
the number of applied loads is equal to the number of bridges j, then
these loads and the bridge outputs can be written as

4
v My Bp - - - Pyl [P
}
Vi Moy Hop oo - Hogl [Byp

ﬁ_>= < 7 (11a)

) Mo Moo Mg |

L —L‘_J
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or

o} -1 =

and the coefficients {E}- can be determined from the solution of the

simultaneous equations, or since matrix inversion is equivalent to
solutlon of the simultanecus equations,

& -1 2

In general, the number of bridges required in equations (5) and
thus in equations (9), (10), and (11) is not known in advance, and there=
fore the exact number of calibrate loads required cannot be specified.
If J bridges are asvallable, all of which might be required, then n
calibrate loads can be applied where n > j, and the values of the load
coefficients Bi7 . . . Blj can be obtained by least=squares pro-

cedures. Such a solutlon involves calculation of the least-squares
normal equations and solution of the resulting simultanecus equations.
These steps can be represented conveniently as a series of matrix oper-
ations. The responses Hn 3 of J bridges to each of n applled loads

would be related to the shear values of these loads V*'; . . . v, by

the equation

1
v i1 Mo - - - Mg ﬁ;11
2 Moy Moo« o o Hogll |Byp

<.%=: ...::4:% (13a)

n My P2 o - Hng BIJJ
-~ e

or

{v'n} = || #ng] | {ﬁlj} (13b)
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bridge responses transposed, gives the least-squares normal equation

{I”‘nJHT ﬁ’r}} = Elun;HTHunJ[ﬂ {Bu} (14)

and the values of the load coefficients {%li} are determined by solu-

tion of the J simultaneous equations, or

B - [l Cipml] P68 o

When the n loads with shear values V', are applied at the

n loading points, n values of bending moment and torque are fixed
(eq. (2)) and thus the procedure outlined in connection with equa-

tions (11) to (15) can also be used to determine the values of .{?24}>

and -{%35}, equation (9), which are needed to evaluate moment and torque.

The necessary condition for the existence of the least-squares
solution (15) to equation (14), that the determinant of the matrix of
the normal equations is greater than zero, or

e

requires that bridges with similer response characteristics should not
be used together.

>0 (16)

Selection of Bridges

As pointed out in connection with equations (5) the number of
bridges required for a given load equation depends upon the response
characteristics of the bridges. ZExperilence has shown that, when shear
bridges are placed at a given station on the webs of all spars, bending-
moment bridges on the flanges or skin, and torque bridges in the torgue
boxes, enough bridges will be available to develop an equation for shear,
or moment, or torque. Usually more than enough bridges are available.
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If the J 1in equation (9) i1s taken as all the available bridges,

then the particular form the equation should take for a particular
structure - that is,, which of the values of J are zéro — depends upon
the nature of the structure. Often the form can be determined by
analogy with other structures, but some bridges may have such similar
characteristics that the output of one is a linear multiple of the out-
put of enother (redundant) or some may be irrelevent (B =~ 0). Redun-
dancy can sometimes be recognized from examination of the influence-
coefficient plots. Irrelevancy is not always so easily determined and
an advantage of least-squares solution for the load coefficients lies
in the availability of standard statistical methods for determining the
reliability and relevancy of any equation. Several checks may be
employed. By referring to equation (10) for shear, one check is to
substitute the n sets of measured values of bridge response Hp 4 into

the load equation and compare the n calculated values of shear with
the n applied values. Defining a residual €y as the difference
between calculated and applied values of shear, or

-8 - 69 an

gives the probable error of estimate of shear values obtained from equa-
tion (10) as

P.E.(V) = 0.6745 (18)
where
n number of loads applied
q number of terms in c¢alibration equation

E EV2 sum of squares of the residuals which may be calculated from
the relationship '

S = () - |#14] ﬂl”n,j”T{v'n}} (19)

where the column matrix on the right has already been calculated
in connection with the solution of -equation (15)
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The probable error (ref. 8) in any of the calibration coefficients
is obtained from the probable error of estimate for the equation and
from the terms on the principel diagonal of the matrix

myy myy ... mlj—

Moy Moy .- . . oy T -1
S =U|“nall Il“nslﬂ (20)
fjl mje . e e mJ:]—

where the matrix on the right also appears in the solution of the least-
squares normal equation (15). The relation for the probable errors of

Bris Pigs -« - By 18

< . = P.E.(V)ﬁ 4 (21)

L]
=
—
w
[
N
S’
<l...g'
N
[N \v]

P.E.(ﬂlj) m 5
- v -

and similar relationships apply to the probable errors in the load coef-
ficients in equations for bending moment and torgue. With the coef-
ficients and their probable errors computed, it is possible to check the
calibration equation for inclusion of irrelevant bridges and redundancy.
The load coefficient B of an irrelevant bridge is ordinarily small in
comparison with its probable error and in comparison with the coefficients
of the other bridges. Redundancy is evidenced by large probable errors in
all coefficients, generally as a result of large values of m;; . . . M35

rather than of the probable error of estimate. Improved results can often
be obtained by dropping one or more redundent bridges and recomputing the
B coefficients. For detalled comparisons of a number of load equations
involving various selections of the available bridges, an obJective test
of the significance of any improvement 1s provided by the F-table, see,
for exemple, reference 9.
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Procedures for Bridge Combinstion

When the values of the load coefficients B in equation (9) have
been obtalned, they can be used directly with the measured outputs of
the individual bridges for the evaluation of flight data. Punched-card
methods are particulerly convenient for haendling the large guantities
of numerical work Involved 1f loads sare required in time-history form.
By electrical combination of the output of several bridges, it is, how-
ever, possible to simplify flight recording and to reduce data reduction
time,

Full combination procedure.- If the shear expression in equation (9)
requires J bridges and the load coefficlents f77 . . . Blj have been

obtalned by least squares, the equation for shear would be

Vo= BygHy + Boghy e o ot By, (22)
Factoring out the coefficient with the greatest magnitude, say
512’ gives _ ) )
B B1
V = B < ll ]J.l + lJ.2 + . . . + —J I.Lj (23)
P12 P12

By suitable choice of atienuating resistors, the outputs of bridges 1,
3, 4, . . . J can be added to the output of bridge 2 to produce a new
combined bridge with an output Py which is proportional to the sum
Bi1 B1y

——= y t Mo+ . Hye This output 1s a direct measure of shear
Bi1o 312 .

alone, or

= B'ay (2k)

A slmilar procedure can be used to obtain combined channels which provide
direct measurements of bending moment or torque. The B! coefficients
are obtained by a finel calibration, applying loads at wvarious chordwise
and spanwise locations as in the preliminary calibration.

Bia

12
Mo 1s shown in figure 1(c). The attenuating resistance Ry 1s related

An electrical circuit which accomplishes the addition of Bq to
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to the resistance of the individual gages R and to the reciprocal of
the combining ratio 511/312 by the equation

_ (Bi2 _
= <311 )R (25)

v When the circuilt is extended to include more than two bridges, an
equation of the form of equation (25) applies to each of the attenuated
bridges. Since, however, with direct-current circuits, any given bridge
can be used in only one circuit, use of this full combination procedure
usually requires multiple installation of the individual strain-gage
bridges. If carry-over were present, its use might require that some
bridges be installed in sextuplicate. If the number of bridges which
could be installed were limited, use of the full combinatlion procedure
could restrlct the number of loads which could be measured.

Partial combination procedure.~ A partial combination procedure
can be evolved which strikes a compromise between the data reduction
time of the basic procedure (eq. (9)) and the bridge installation
requirements of the full combination procedure. In this partial combi-
nation procedure, data obtained durlng a preliminary calibration are
used to combine bridges with the same primary sensitivity, that is, the
shear sensitive bridges on one side of the structure are combined into
a single channel, the moment sensitive bridges on one side into a single
channel, and torque sensitive bridges into a single channel. The struc-
ture 1s then recalibrated to determine the final calibration coefficients.
The detalls of the procedure as given below are for a three-spar struc-
ture subject to carry-over effects. The procedure can be extended to
other structures, or simplified for structures without carry-over.

The bridge installation for the structure chosen to illustrate
the procedure 1s assumed to consist of three sets of shear, moment and
torque sensitive bridges on each side (a total of 18 bridges), which by
the basic calibration procedure might require the solution of six sets
of equations involving as many as eighteen unknowns. Instead a pro-
cedure is adopted which involves the solution of six sets of leasgt-
squares equations based on certain simplified load equations, containing
at most seven coefficlents. For example, for left-side shear the equa-~
tion involves three shear bridges with outputs His Ho, and K3, the

left-side moment, and the three loads applied on the right, or

Vy = BiiHy + Biokp + Bygkg + BuMp, + BisVR + BigMy + B17Tx (26)
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By electrical combination of bridges with response H1s; Ho, and Hy a

combined channel is obtained with an output primerily sensitive to shear,
secondarily responsive to My, Vg, Mg, and Ty, and which by the least-

squares process has minimized the effects of chordwise position of load
on the left side (Ty,) and any other terms of the type VxTyS.

In matrix notation the B coefficlents are computed by a least-
squares procedure starting with equation (26) or,

(B11)
B1z
P13
B1s
Bi6
B

il

The preliminary calibration data for the n values of applied shears
and moments and corresponding bridge responses are

~ | _
V'L-] K11 M1p M3 My, V'R, Mg, T'y,
v m m M1t v M? Tt

Ly He1 M2z Moz M, YR, MRy T Ral| |Bi13

ﬁ:>= R ﬁﬂll& (28e)

Vi Hpp Hpp Mpd M'p  Vip Mg Tig
U BT

or

S el LI R 0

where l]R|| is the rectangular matrix of equation (28a).
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The least-squares normal equations are

Rl - [0 ) -
{8} - UIRHT|IR|H-1J\EIRIIT{WL}} (30)

The B coefficlents for the preliminary equations for My, T, Vg,

Therefore

Mg, and TR are obtained in a similar manner from simplified load equa-

tions similar to equation (26) and which may be summarized along with
equation (28) in matrix form as

WL - - - - Ll-ll Ho _H3JVL |ML Vg Mg Ty Bi1 Bar P31 Bu1 Bsi Bgr
- M, - - - - (M b5 ”QIML I VL VR Mg Tr[|||P12 B2z B3z Bup Bsp Bgp
= - T - - - 47 8 Pg}TL IML VR Mr TR||||P13 P23 P33 Pu3 Bsz Bez
- - - VR - ={= Illlo Hyq ulz—,VRl Mp Vo M T Bl’-i- 52)4_ 33)+ By, 3511- Bﬁl& (31)
- - - - Mg - [ba3 Bu Mashy | VR VL Mp To|||1P15 Pes P35 Pus Bss fes
- - - - - g [F6 w17 ulquRl Mg VL My Tp[|[{B16 P26 P36 Bus Bse Bes
Pir Por P37 Pug Bsy By

where the terms on the principal diagonal of the left side are the only
ones of interest.

The known load coefficlents Bjq, 512, 513, .« o Bgys 5621 B63
in the upper portion of the B-matrix (eq. (31)) are used to calculate the
attenuation required for electrical combination. For example, the attenu-
ation factors for the shear sensitive combined bridge on the left side
would be obteined from the equation

B B B
=<llul+ 121.:.2+—l§u3> (32)

vy, Bix Bix Bix
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where Bqx denotes the coefficient Bq5, 812, or ﬁi3 with the
largest magnitude. The six combined bridges with outputs -pVL’ pML,

pTL’ pVR’ pMR, and pTR are then recalibrated by applylng a set of

calibrate loads (not necessarily the same as those used in the pre-
liminary calibration) to the structure. This final calibration should
include both symmetrical and unsymmetrical loading conditions. The
final equations for use in evaluation of the flight data are of-the form

- (~

(V) Bliy Blys B'yz B'y B'is Blig) )

L 11 12 13 14 15 16 PVL

My, Bl21 B'op B'az Bloy Blas Blag| |Pwp

TLL_ B'3y B'3p B'3z B3y B35 Blsg <pTLL (33)
ﬁVR B'y1 B'up B'yz By Blys Biugl |Pvp

MR B'sy Blsa B's3 Blsn B'ss Bise| |Pup

TR B'ér Bl'ep Blgz Blgy PBlgs Plgg ETR

S, — - ~

where the B' coefficlents are evaluated by lesst squares.
APPLICATION OF PROCEDURES

To illustrate the application of the callbration procedures Jjust
outlined, the calibration of two representative structures is described
in detail. The calibration of these structures presented most of the
problems that have arisen in the course of the calibration of a great
meny structures in the Lengley aircraft loads celibration laboratory of
the Flight Regearch Division. In addition they also illustrate the use
of the partial and full combination procedures. Structure A is a three-
spar unewept horizontal stabilizer and elevator assembly with aspect
ratio 6.7, taper ratio 0.29, and 12° dihedral. Structure B is a two-
sper horizontal stabilizer with the quarter-chord line swept 35.6°,
aspect retio 4.65, taper ratlo 0.45, and 10° dihedral.

The strain-gage locations for structure A are shown in fi e 2.
Shear and bending-moment bridges of the type shown in figure 1l(a) were
installed on all three spars at stations parallel to the center line. ]
The strain-gage locations for structure B are shown in figure 3. Shear
and bending-moment bridges of the type shown in figure 1(a) were installed
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on both spars at station 1 (parallel to the center line) and at sta-

tion 2 (perpendicular to the sweep axis). In addition, four torque
bridges were installed on the skin between the spars at a station perpen-
dicular to the sweep axis, on the left side. The leads from each strain-
gage bridge were routed into individual balance circuits. Each circuit,
figure 1(b), contained a balance potentiometer Rp and a calibrate

resistor Rp. When combined bridges were used, the attenuating resis-

tors were incorporated in the manner indicated in figure 1(c). Changes
in current for either individual or combined bridges associated with
strain changes in the structure under the application of calibrate loads
were recorded by means of a spotlight galvanometer. Bridge sensitivity
was made independent of voltage changes by shunting the known calibrate
resistor Ry across one arm of either single or combined bridges and

measuring the resultant galvanometer deflection 8cgl. The calibrate

loads applied to each structure whether they were point loads or distrib-
uted check loads, were applied in five equal increments and removed in
the same increments. Values of the galvanometer deflection & were
recorded for each load increment. A sgtraight line of the form

8 = ky + kyV (34)

was fitted to the 11 data points by means of least squares, and the
deflection used for the loading was the value given by the product of
the least-squares slope k, and the calibrate load, or

Bmax = kp X calibrate load (35)

The value of p (or p) corresponding to the calibrate load was then
taken as

Bmax
- 6
n Sy (36)

An attempt was made to minimize any possible effects of elastic lag
by running through several cycles of load before taking data, and by
taking es a reference condition not the no-load condition but a datum
determined by a preload.

Structure A

The application of calibration procedures for obtaining shear and
bending moment on a structure where large carry-over effects were present
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1s illustrated by structure A where the partial gage combination pro-
cedure was used in order tov measure both symmetrical and unsymmetrical
tail loads in flight with as few recording channels and as few strain
gages ag posslble. The relationship between individual strain-gage
response and applied loads for the structure was obtained by applying
point loads at three spanwise and three chordwise positions per side
for both the preliminary and final calibrstions. The chord and semi-
span locations of applied loads are shown in figure 4 and the values
of shear and bending moment—are given in table I. Point loads were
applied to the left side alone, the right side alone, and tov both sides
gimultaneously.

Preliminary calibration.- The nondimensionsl bridge response
values P for each of the 12 bridges for each of the 27 loads are given
in table I, and the influence-coefficient plots u/V are presented in
figures 5 to 8. To i1llustrate trends, curves have been faired through
the data points. The equations for determining the load coefficients
for electrical combination were based on equation (31) without torque
meassurement and some simplifications suggested by examination of the
influence-coefficient plots (figs. 5 to 8). The simplified equations
are summarized in matrix form as

Voosom oLt e M M| T MROC||[P2 %2 Tt S T
- M- - - - Mg MMpy Mg |t - MR -] (%12 %22 T w2 %52 T
- T T T = T e B % T a3 %53
T e 1 11 o S | € 10
- - - - Mg - e Mgy MMps |- - Moo - - - - - -
- - - - - - o T R L
e L

where the subscripts on the strain-gage response i denote the primary
sensitivity and location of the bridge, and the Bij of equation (31)

have been replaced for structure A by the symbol 8 3- The values deter-
mined for &a;; to a5g by least-square procedures are given together
with their probable errors in the top half of table II.

By using the procedure of eguation (32) end the largest a coef-
ficients given in table II, the strain-gage bridges of equation (37)
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were comblned electrically to produce four partiaelly combined bridges
according to the following equations:

f'\
211 &33
= —— + + —
Prp T aEp e T Py T g
an3 as3
= — + + ==
> (38)
&)1 Byo
= — + —= +
pVR ay3 uVRF ay3 'R uvRR
a, a
= 2L + s 23
pMR 850 uMRF uMRM &50 HMR?J

Final calibration.- The structure was loaded again with the game
loads as in the preliminary calibration. Influence-coefficient plots
for Pyrs Pups Pygs and PMg (fig. (9)) show the response of the

combined bridges to the loads applied in the final calibration. The
final shear and bending-moment equations, which were similar to equa-
tion (33), were

L a'1y 2'1p &'13 &'n [Py

My, at al at at Py

< r= '21 22 23 '211- < L> (39)
1 1

YRl |*'31 %'32 ®'33 %3y |Pvg

& j’u 2ty 8'y3 &'y %fﬂ

The final calibration coefficients a';; to a'y), are given in table II.

Also given in table II are the probable errors of estimate obtained by the
use of equation (18) and the probable errors in the coefficients obtained
from equation (21). Zerces in table IT indicate that the corresponding
bridges were found to be irrelevant.

As & check on the applicability of equations obtained by the point
load calibration to the determination of distributed loads as encountered
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in flight, the distributed load Aj; shown in figure-10 was applied to
the structure. For thls loading the gage response, the applied and
calculated values of shear and bending moment, the differences, and the
percentage differences are given in table III., Sample calculations for
the preliminary and finsl left-shear load coefficients for structure A
together with the probable errors are presented in table IV.

Structure B

The application of calibrstion procedures for obtaining shear,
bending moment, and torque on a swept structure is illustrated by struc-
ture B for which a form of the full combination procedure was used. The
data for structure B were cbtained as part of a general investigation of
calibration methods applied to swept structures. For this reason,
although structure B 1s a horizontal stabilizer and carry-over effects
were present, these effects were ignored in the preliminary calibration,
and the data treated as they would be for a wing where carry-over effects
are ordinarily not observed. For the final calibration, however, carry-
over effects were Included.

Preliminsary calibration.- The preliminary callbrate loads were
applied on the left side alone and on the right-side alone. The chord-
wise and semispan locatlons of applied loads are shown in figure 11 and
the sasocisted values of ghear, moment, and torque are given in teble V.
For the 16 bridges shown in figure 3, the bridge response coefficients W
corresponding to each peint load are given in table V and the corre-
sponding influence-coefficient values in flgures 12 to 16. In figure 17,
the influence~coefficient data for the left shear and the left moment
bridges at gage station 2 have also been plotted against the distance
along the sweep line, measured from the intersection of the sweep axls
and the center line.

Of the many equations which might have been used to relate load to
the outputs of the various bridges located on elther the left or right
gldes, only a limited number were investigated. The limitation was
gulded by the nature of the influence-coefficient plots. The similarity
of the response of each of the four torque bridges (fig. 16) suggests
that redundancies will be introduced if more then one torque bridge is
included in any equation. The similarity of the response of both front-
and rear-spar moment bridges (figs. 14 and 15) and the comparative
gbsence. of both shear effects and nonlinearities in the moment curves
imply that little would be gained by using two moment bridges; the rear-
spar bridges actually used had the highest moment sensitivity as shown
by the greater slope of the influence-coefficlient plots. These con-
siderations suggested that the equations for the left side be limited
to two shear bridges, a bending-moment bridge, and one of the four
torque bridges. Equatlons for the right side were limited to two shear
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bridges and s moment bridge. Although only one torque bridge was to be
used in the equations for the left side, a check was made to-determine
which of the torque bridges gave the best results. For the shear,
bending moment, and torque at station 1 and shear and bending moment at
station 2, this check involved a least-squares calculation of the coef-
ficients of four different equations each involving a different torque
bridge (20 solutions in all). These equations can be represented by the
genergl form

. - - -
bpl bpo Pp3 ok |Mpe O bpg 0 O | |mp
{LP} - < >+ < > (40)
bpl Ppz bp3 Pph| Mg 0 0 0 ‘byg| fup.
— - v — — C -

where Lp 18 a general load term and values of p from 1 to 5 corre-
spond respectively to VLl, MLl, TLl, VL2, and MLQ' Although both

bpl and bpp are shown in equation (40), only the appropriate value
is used for calculations at station 1 or station 2, The values of the
coefficients D131, . . . b5g are given in teble VI along with the
probable errors and the probaeble error of estimate of each of the equa-
tions. The coefficients were calculated by solution of the least-
squares normal equations of the form of equation (15) obtained from the
calibration data of table V.

The probable errors of the coefficients were calculated by equa-
tions of the form of equation (21) and the probable errors of estimate
by means of equations of the form of equation (18).

The bridges selected for combination were those with the smallest
value of probable error -and are indicated by asterisks in table VI. The
aquations corresponding to the selected bridge combinations were

v ] bj; O b3 by, ;Vmﬁ 0 0 by

My, bpy O bpgy by ! 0 0 bop|l [Mopp
<TL1> = ||b3y O b33 by <HVLF2> by O O MTpp (41)
VL, 0 Dby, byz by, iR 0 0 By, iy

sz 0 bgp bg3 by [‘MLRJ 0 bsg O
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For the right side where torque bridges were not installed, the
equations for shear, bending moment, and torque at station_l and shear
and bending moment at station 2 were . : - -

ﬁRlﬁ b1y O P13 Py mVRF;
M1 bpy O bp3z Doy My
TR, o~ = [[P31 O b33 b3y ™ 2> (42)
RR
VR2 0 'b)_|_2 b)+3 b)_m "
M 0 bz, bmg b RR
|"Re | 52 753 || L
Values of the load coefficlemts biy, . . . bsy (eq. (42)) are

given in table VII together with thelr probable errors and the probable
errors of estimate of the equations, all obtained in the seme manner as
with table VI. Also shown in table VITI are additional equations for MRl

and VRE’ indicated by asterisks, which were calculated when 1t was found
that the rear shear bridge 1n the equation for MRl and the rear moment
bridge 1n the equation VR2 were irrelevant. The coefficients of the

bridges which were omitted were small with respect to their probable
errors, and with respect to the terms which were retained.-

Based on the preliminary calibration coefficients given in tables VI
and VII, the strain-gage bridges of equations (41) and (42) were combined
electrically to produce combined bridges, according to the following
equations: - .

For the left side

b b b M
Py =My o+ 13 TR 21k 4 L by
Ly IF, P33 YIR P13 MIR Pb3j -RT
bp1 bo3 bo7
= —— + =2 + + =
F)MLl boy FLVLFl boy VIR “MLR boy, uTRT
b b b
31 33 35
o] = + — + + — l{-
Try by Irj.VLF‘.]_ b3y VIR IJMLR b3y uTFT >- (43)
by byl by
P = — + + == +
Vi, bys pVLFQ “ir byz MIR  byz Mipr
b b b
- 22 + 23 256
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and for the right side

o = L3, 0, Dk
Ry UVRFl P11 'RR P11 TRR
b
21
o) = — +
b b
by =+ s, > ()
Ry b3y 'RF; b3y 'RRURR
b)+3
= + —
b b
52 53
= == S +
pMR2 b5y pvRFz b5l Vr T Mg

Final calibration.- The relatlionship hetween epplied loaed and the
response of bridges combined according to equations (43) and (L44) was
then obtalned by epplying 15 point loads per side. In this f£inal cali-
bration, symmetrical point loads were gpplied in addition to left and
right unsymmetrical loads. The chordwise and spanwise locations of
applied load for the final calibration are shown in figure 11. Since a
given bridge was required in more then one equation of equetions (43)
and (L4k4), a switching arrangement was employed in the calibration which
sutomatically set up each combined bridge in sequence during the appli-
cation of each point load. The values of p corresponding to each point
load are tabulated in table VIII. Influence-coefficient plots for the
cambined bridges are given in figures 18 to 20 for the unsymmetrical
loadings for both swept and unswept coordinate axes.

Had carry-over effects not been present, the data of table VIII
would have been used simply to obtain the final load coefficlent ©b?
and this procedure could ordinarily be used with wings, and for strain-
gage stations located other than at the root. In order to provide a
callbration which would permit evaluation of loads on both gides of the
horizontal tail allowing for the carry-over effects actually present,
the data of table VIII were used to compute the final calibration



28 NACA TN 2993

coefficients to be used in final equations involviﬁg bridges on both
sides of the structure. In general, these equatiouns would have the form

PVLJ BN 0 0 0 0 blyg bfyy bhg O 0 ] Apv-L:
My, o bop 0 O 0 by by By O 0 Paeg,
Ty, 0 O B33 O 0 Dbl3s blyy blzgg O 0 Pry
VL, 0 0 0 By, O biyg biyg biyg O 0 Py,
) Mal | © 0 0 O b'ss blsg blsy blsg -0 o | e, %_ s)
Ve, blgy Blgz By O O blgg O 0 O 0 i,
My | [o'm 2 B3 0 0 0 mgp 0 O o Py,
Tp, blgg blgp blgg O O O O blgg O o Prg,
VR, Blgy blgg Blg3 O O O O O blgg O v,
j&ga P'10,1 10,2 P03 © 0 0 0 0 0 Blhgagl 3

but all of the carry-over terms may not be required in any particular
cagse. The values of the coefficlents actually needed in these equa-

tions are listed in table IX together with the values of the probable
error of estimate of each of the 10 equations.

As a check on these equations, three distributed loads By, By,
and B3 shown In figure 21 were gpplied to the structure, For these

loadings, the response of each of the 10 combined bridges, the applied
and calculated values of shear, bending moment; umd torque, the dif-
ferences and percentage dlfferences are given in table X.

DISCUSSION -

Structure A

The influence-coefficient plots, figures 5 to 8, for the point loads
applied during the preliminary calibration of test structure A show that
the response of the Individual bridges to shear, moment, and torque is
not as defined by equation (3), but Includes some of the additional terms
shown in equation (4). The torque effect is small in the midspar shear
bridges (figs. 5(b) and 6(b)) and absent in the midspar moment bridges
(figs. 7(b) and 8(b)). With the exception of the left midspar moment
bridge (fig. 8(b)) the moment bridges are comparatively free of the
effects of nonlinearity, as shown by the straightness of the lines for
the loading on each spar. In genersl, the response of each bridge to



NACA TN 2993 : 29

carry-over 1is similar to the character of the response of the bridge to
loads on the same side. The principal carry-over effect is one of
bending moment.

Comparison of the probable errors of estimete of the preliminary
partial combinagtion equations given in table II with the average applied
loads shows that the simplified equation (37) is adequate for eliminating
the effects of torque and the other terms in equation (4) responsible for
curvature in the influence-coefficient plots. Although equations similar
to equation (31) were not tested, it appears doubtful that their use
would have given significantly better preliminary load coefficients for
determining the combining ratios.

The responses pVL, pML, pVR, and pMR of the four combined

bridges based on the dats of table IT and equation (38) and shown in
figure 9 in influence-coefficient form indicate that the combined
bridges are essentially free of the effects of chord position of load.
They are affected to some extent by moment on the opposite side, since
in writing equations of the form of equation (37) this effect is not
eliminated until the final calibration. The final equations for evalu-
ating Vy, My, VR, and M wused for evaluating these loads in flight

and given in the lower half of table IT indicate probable errors of
estimate and probable errors in the coefficients of the same order of
megnitude as the preliminary equations. The probable errors of esti-
mate are roughly 1 percent of the average applied loads. The comparison
shown in table IIT of the applied check load Ay with the loads given

by the final equations shows that the differences are less than would be
expected from the size of the probable errors in the coefficients of the
final equations. In general, these errors are of the same order of
megnitude as the experimental errors.

Structure B

The influence-coefficient plots for the shear, moment, and torque
bridges of structure B, figures 12 to 16, show marked curvatures of the
sort which may be ascribed to the presence of the higher-order terms of
equation (4). When values of the influence coefficients for bridges at
station 2 (fig. 17) are plotted against distance along the sweep axis,
the plots show the same curvatures as are shown in figures 13 and 15,
but front- and rear-spar bridges reflect more clearly the effects of
the chord position of the load relative to the bridge location, as in
structure A, Thus measurement of loads on axes related to the sweep
axes may be treated in the same way as measurement of loads on an
unswept structure. In view of the similarities between the influence-
coefficient plots of bridges at station 1 (parallel to the center line)
and those of station 2 (perpendicular to the sweep axis), the use of
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strain-gage bridges in the root area of a swept siructure does not
appear to present any problems which are essentially different—from the
use of bridges in the root ared of'an unswept structure. The use of
such bridges offers the additional advantages of moment and torque axes
which correspond to the usual axes for load distribution and airplane
stabllity determinations. ) o .

The preliminary combining equations for the left side, equa-
tion (41), and the right side, equation (42), differ since more bridges
with different characteristics were available on the left side than on
the right. Comparison of the values of probable errdr of estimate for
the best preliminary equations, table VI, with the corresponding prob-
able errors of estimate given in table VII shows that load measurements
on the left are probsbly more accurate than those on the right.

As an illustretion of the improvement in measurement of shear on
the left using the four bridges combined according to equation (41)
for VLl, over the results which would be obtained by using say only

the front-spar shear bridge at station 1, the application of least
squares and the data of table V to an equation of the type le = buvLF
h 1

shows that

end the probable error of estimate P.E.(VLl) is 92 pounds. Had this

measurement been attempted by using the best combination of both front-
and rear-spar shear bridges the equation would have been

VL, = 558U=VLF1 and 3360y o

and the probable error would have been 29 pounds. Addition of the rear-
spar moment bridge gives ; '

= 608“’"131 + 389pLVLR - 19l+pMIB

with & probable error of 13 pounds, while addition of the torque sensi-
tive shear type of bridge in the rear top torqpe box gives the equatlon
(from table VI)

le = 5h5uVLFl + thuvLR - EEOMMLR + 105HTRT
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with a probable error of estimate of 9 pounds. The improvement in esach
equation in turn as measured by the probable error of estimate is
statistically significant.

The outputs of the combined bridges, with outputs given by equa-
tions (43) and (44), should have been pure shear, moment, or torque inso-
far as the asymmetrical loadings are concerned. As shown by the span-
wise or chordwise variastions of the values of influence coefficient, fig-
ures 18 to 20, the combined shear bridges are very nearly pure shear
bridges; for the moment bridges, the influence coefficient varies directly
with the distance outboard of the gage station, and, for the torgue bridge
(fig. 20), the influence coefficilent varies directly with distance from
the torque reference axis. As in the case of the probable errors of
estimate, the combined bridges on the left side are generally better than
the combined bridges on the right. These plots also indicate s loss of
response for the shear bridges at station 2 (fig. 19) when the load is
applied on the front spar in the vicinity of the bridge station. A
gsimiler loss of response was evident for the front-spar shear bridges
at station 2, figures 12(b) and 13(b). This loss in sensitivity appears
to be a local effect, associated with the fact that a bridge does not,
in general, respond to a load applied inboard of the bridge, and it hes
only & limited influence on the precision with which shear can be
determined.

Examination of the effects of carry-over, shown in teble VIII and
figures 18 and 19, shows that in three out of the ten cases (vag, pTLl’

and QMRl) bridges combined on the basis of loads applied to the same

side had negligible carry-over effects. When fina] combining equa-
tions (45) were developed, application of least-squares principles
showed that in these three cases the coefficients for all the brildges
on the opposite side could be neglected, as shown by the zerces in the
equations for VLE’ TLl’ and MRl presented in table IX. In the case

of VL2 and TRl, the final equations required the inclusion of an
additional bridge on the same side.

The final equations shown in table IX have probable errors of esti-
mate of roughly the same order of magnitude as the experimental data.
The shear values of the three distributed loads Bj;, By, and Bg

obtained from the final shear equations are more accurate for the

left side than for the right side for station 1 (see table X). For sta-
tion 2, the shear values for the left side are not so accurate as for

the right, but are still within the limits that would be estimated from
the probable errors of the load coefflicients. When the distributed

check loads were appllied with sand bags to structure B, center-of-pressure
locations could not be held to the precise limits possible with the
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relatively smaller pads used for applying point losds. A comperison,
therefore, of the differences between calculated and applied bending-
moment velues for the left and right sides is not especially signifi-
cant. The largest difference in inch-pounds is equlvalent to an error
in center-of-pressure location for the distributed load of 1.8 inches
or 2 percent of the semispan.

Application to Other Structures

OQutline of steps iIn calibration procedure.- Application of the
basic load calibration method to wings and vertical tails differs in
no essential detall from the general procedures just described for the
two horizontel stabilizers. Since the basis of the method is general,
the method is applicable to other types of alrcraft structures, such as
control suyfaces or landing gears. No hard end fast rules of procedure
can be given which will apply to all cases, since each structure pre-
sents individual problems, some of which cannot be recognized until the
data of the preliminary calibration are analyzed. Certain steps which
are common to all calibrations may be outlined, however, and the first
of these is installation of the strain-gage bridges. Shear- or moment-
type bridges should be so oriented as to respond primarily to the forces
or moments which they are intended to measure. Since 1t can usually be
assumed that such bridges will respond not only to the desired force or
moment, but to other forces or moments as well, enough bridges must be
installed to permit development of the appropriate equations relating
load and bridge response.

The gecond step In the calibration procedure involves a choice of
the calibrate loads. This choice involves a selection of the points of
application and the shear values to be applied at these points. For the
principal lifting surfaces a minimum would appear to be three chordwise
positlons at each of three spanwise statlons of each penel. The shear
values willl ordinarily bBe determined by a safe local stress.

The third step is application of the calibrate loads. These are
ordinarlly most easily applied with Jjacks through pads large enocugh to
prevent local buckling. In order to assess any possible effects of
elestic lag, application and removal of these loads by increments 1s
recommended. To provide data for evaluating the effecta of carry-over
the loads should be applied to one side alone, to the other side alone,
and to both sides simultaneocusly, &s with structure A.

The fourth step in the calibration procedure involves evaluation
of the preliminary callbration data. Influence-coefficient plots pro-
vide a useful guide to the cheracteristics of each dbridge, and thus
assist in establishing the form of the preliminsry calibration equa-
tions. A further guide as to the choice of bridges lies in calculation
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of the probable error of estimate and the probable errors of the load
coefficients of the preliminary equations.

The final step in the calibration procedure depends upon the
results of the preliminary calibration, in relation to the electrical
recording equipment avallable and the number of different loads which
it is desired to measure in flight. If measurements of shear, bending
moment, and torque are desired, and carry-over effects are present such
that all bridges are affected by shear, bending moment, and torque of
both sides, then full electrical combination appears to be impracticable
since all bridges would need to be installed in sextuplicate. On the
other hand, these six quantities could all be determined by numerical
evaluation of the individually recorded responses of a much smaller num-
ber of bridges. An example of a compromise between these two extremes
was provided by structure A where a partial combination procedure was
used which required only four recording channels for flight measurement
and did not require the multiple instellation of straln-gage bridges.

If a bridge-combination procedure is to be used for flight recording,
the structure must be recalibrated in order to determine the fingl cali-
bration coefficients. A distributed load should also be applied as a
check on the final calibration equations. For wing structures where
application of distributed loads may not be practicable, check loads may
be applied through the Jacking points.

Flight load measurements.- A strain-gage installetion calibrated
according to the methods given in the present paper will measure struc-
tural loads relative to some reference condition. The load on the air-
plane on the ground is the most easily determined reference condition.
Provided the landing geer 1s inboard of the strain-gege station, changes
in strain-gage response from the ground to flight at lg are proportional
to the aerodynamic load. If the airplane weight 1s carried at points
outboard of the strain-gage station, corrections for the wheel reaction
are applied. Corrections must also be applied for any changes in weight
distribution outboard of the strain-gage station. Under accelerated
Plight conditions the loads measured by the strain-gage installation are
structural loads, and inertias loads must be added in order to obtain aero-
dynamic load.

Some instrumentation requirements.- Strain-gage installation methods
such as those given in references 10 and 11 are satisfactory for loads
measurement; provided four-active-arm bridges with matched individual
gages and short interconnecting leads are employed, as illustrated in fig-
ure 1. Direct-current systems at present provide the most stable circuit
characteristics for measuring bridge output, and thus are being used for
flight aerodynamic loads measurements by the NACA.

Because of the possibility of sensitivity changes or of zero drift
in the recording apparatus, provision must also be made to account for
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such changes. Changes in sensitivity result from changes in supply
voltage to the strain-gage bridge and to the recording galvanometer
elements; drift results from temperature effects on the galvanometer
elements and from temperature effects on the structure. Although drift
due to changes in temperature is minimized by the use of four-active-
arm bridges, as shown in figure 1, stresses introduced by temperature
gradlents within the structure are not compensated and a temperasture-
calibration procedure would be needed if these effects were appreciable.
Although sensitivity changes and galvanometer drift are generally small
with direct-current strain-gage equlpment, in practice it has been
desirable to take calibrate signals along with the ground zero records
and before each run in flight. A no-voltage galvanometer zero is also
recorded on the ground and before each run in flight. With the use of
this information, corrections can be applied to the strain-gage-
deflection data of each run to refer it to a ground reference condition,
which elimingtes the necesgity for establishing in-flight reference con-
ditions by means of special maneuvers,

CONCLUDING REMARKS

The general principles outlined iIn the previous sections have been
successfully applied to many more structures than have been used as
exsmples in this report. Although the point load method has for some
time been the standerd calibretion procedure at the NACA, the particular
methods for reducing the data and of combilning gagea glven in the pres-
ent report are the result of continual improvements. They are still
subject to a certaln extent to the Jjudgment—and experience of the
engineer. Although improvements in detail are still possible, 1t
appears that future work should include the effects of temperature
gradients within the structure in anticipation of measuring loads under
supersonic-flight conditions where thermal effects may be appreciable.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronsutics,
Langley Field, Va., Aug. 12, 1952.
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APPENDIX
SIMPLIFIED CALTBRATION PROCEDURES

The fact that the response of several bridges in structures A
and B is apparently adequately represented by the simple linear relation

p-i = “ilV + CzizM + (Ii3T

for certain regions of load application suggests that the calibration
procedures outlined in the present report could be considerably simpli-
fied. One such simplification could be the arbitrary application of three
calibrate loads to a structure with three bridges, and determination of
the calibration coefficients by the solution of the three sets of three
simultaneous equations.

If small departures from the preceding equation exist, the values
of the coefficients obtained depend upon the three points chosen for
load application. In eddition small errors in measurement greatly
influence the values of the coefficients. Unlike results obtained by
least squares, the solution of three such simultaneous equations offers
no information about the rellability and does not permit assessment of
reliability for other loading conditions. 8Since neither the effect of
errors in measurement nor the existence of small departures from the
previous equetion can be determined from three applied loads, such a
simplified point load calibration is not recommended.

All the disadvantages inherent 1n simultaneous-equation solution
for callbration coefficients are present in a commonly used method of
calibration in which a pure shear, a pure torque, and a pure bending
moment are applied to a structure and coefficients determined by
simultaneous-equation solutions involving the response of three bridges
to the three applied pure loads. Conformity to the previous equation
cannot be established by the application of only one pure shear, one
pure bending moment, and one pure torque but only by the spplication of
loads at many chordwise and spanwise stations. Since the application
of many pure loads to & structure is also difficult (requiring special
Jlgs and fittings), it offers no particular advantages as a calibration
procedure.

The maximum value of load which can ordinarily be applied to a
structure at a given point without risk of local failure is in many
instances small as compared witk the magnitude of the loads measured in
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flight. A method of calibration which permite the use of large dis-
tributed loads hes also been investligated. This method in certain
limited applications would permlt the determination of not only the
total load, but also the magnitudes of the various components such as
the additional and basic air load distributions. The basls of the
method lies in the fact that, for a particular distribution of load,
the response of a straln-gege bridge will vary linearly with the magni-
tude of that load. Considering the total load to be made up of several
such distributions, some of which will be symmetrical or antlsymmetrical
zero-1ift distributions but all of which will have root-bending-moment
values Mj, . . . Mp, the following equations may be written to express

the response of n different bridges to the n loads:

{ui} = E’"i-i:] {MJ} (AL)

C
o

|t

-
N

-

(O]

-
o}

The coefficlents ajj are determined from the strain responses Wi
for loads M; to M, sas

Ry
%yy = LE - . (A2)

The equations for use in evaluating the load componeﬁfs are then given

by
-1
{m} - [ag] {4 (+3)
The total moment on the structure is
M= ) My (Ak)
The shear components VJ are
M
vy = 3,% (a5)

and the total shear is

vV = ZVJ (A6)



NACA TN 2993 37

The torque components Tj are

Iy = kJMj (AT)

where kj expresses the exact releationship which exists between the

moment and torque for any particuler load distribution. The total torque
is :

T = Z Ty (A8)

In practice, if four straln-gage bridges were avallable, four d4if-
ferent load distributions representing the principal components of the
load on say a wing panel such as additional, basic, aileron deflection,
and damping in roll distributions could be applied in the calibration.
The method suffers from the dissdvantages inherent in solutions based
on simultaneous equations involving an equal number of loads and bridges.
If the flight loads were actually a composite of varlous proportions of
the calibrate load distributions, then useful informastion about distribu-
tion could be cobtained, but changes in the shape of any one distribution
can result in unrealistic values for all the distributions. A comprehen-
give test of the distributed load calibration method has been made. The
data which illustrated the importance of the foregoing shortcomings are
not included in the present report, since it is believed that such a
method of studying flight loads would be restricted to low-speed tests
of rigid structures, and is not sufficlently flexible to give useful
informatlion in general flight loads investigations.
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TABIE I

FRELIMINARY AND FINAL CALTRRATYON DATA - SYHOCTURE A

¢662 NIL VOVN

]
Applisd loads Unconbined bridges Combined bridges
Station, ( Rnrh)
1n. rig. " 10_3
() [ 1:-111) Mrge [P | MWem | MYor | "Voe | MV | PMee | Mpy| YMar | MM | MM | M [ Pvy | PR | Pep | MM
Right eide loaded
198.5 | Front [ 500 | 90.15 | o0,23%) 0,881] o.270 [-0.322 | -0.143 {-0.223 | 0.835 |0.649 | 0.980| -0,250 | -0.002 { -0.19% | 0.10% |-0.017 | 0.191] -0.013
Mia | 500 | 90.15 A6k b5 .aﬁs -,303| -.223] -, 187 | .806 'ﬁfé 1.009( -.2h3 | -.005 | -.177 | .206] -.017| .91 -.012
Rear [ %00 | 90.15 063 6| b | -.3e3| - -ams | W60 . 1,055{ -~.25% | -.009 ) _.ay0 ¢ .10 -.017 | .191( -.023
130.0 | Fromt |1%00 | 167.63 881 1.370] 660 | -.281| -.122| -39k | 16T |1.229| 1.83%] -.311 ]| -.okk | -.k0B | 296 | -.031 | .362 -.ﬁ
Mid [1500 | 167.63 516| 1.212) 1u7( -.399| -5 -.288 | 1937 (1199 | 2.030( -.37R| -.0b7. ) -.385 | 31| -.0%2 ] 363 -.
Rear (1500 | 167.63 J68) 1,088 1.55 | - b6 -.113 | -.189 | 1.hoT 1.;23 2.196 -.gz ~-.0k7 | -.293 | .3e7| -.03% | .36k -.086
50,6 | Front [2500 | 79.38 | 1.815) 2.803] .367| ¢ -.088 | -.373 | 1,163 363 .T31]| - -018 [ -.314 | .pO3 | -.013] .179| -.013
Mia 2500 | 79.38 | 1.001] 3.%01| 1.108 | -.235| -.108| -.231 | .g21| .66 .9he| -.@31| o0k | -.200 | ABT{ -.035( .190( -.013
Bear [2500 | 79.38 | -.004| 1.923| 2.670| -.bp| ~.081} -.006 | .589} .520| L.L34| -,318] -.019 | -.085 | .51 | -.0R0 A8 -0

-0,025 [ 0,067 | 0.017] 0.179

198.3 | Front | %00 | $0.15 |-0.h73| 0.619| -0.310 | 0.619 0';?7 0.637 [-0.372}0.060 | -0,317| 0.558} O
L181 .

558 | 1.099
Hid § %00 90,15 -, hk2| S0l .,211 .225 07 Y -.3971 .O0WT| -.2%0 5% 1 1.087 | -.025 067 | -.006 176
Rear [ %00 | 90,15 | -.4th| .B6R{ -.181 A9l nﬁ ~3791 .okl | -.221| 91| .59 | 1.1 | -.023 .D6% | -.01h 1T8
130.0 | Pronmt 1500 | 167.63 | -.817) 1.0m%] -.%15| 1.134]| -.266 Hokh | 600 .08 | - ol 1.83h | 1,128 ) 1,681 | -.053 L08 | -.027 .336
wid [1500 | 167,63 | -.00k) 1,0%0( -.858| .m9| -.227| 1,195 | -.692( .0h9 | -.heT| 1.733| 1.a54 | 1.902 | -.0% [ .e10| -.026| .335
Rear [1500 | 167.63 | -.981| 1.01k| -. 367 -.207| 1616 | - ma7| 049 -.371] 1944 LT ) 206 | -.095 | 217} -.027|  L337
%0.0 | Front |2%00 | 79,38 | -.0e0| .%h| .m0 | 2.352| -.s17| .61 | -.20%] 0% | -. 1.h52 | LBk B10 [ -.02h| .30 | -.016[ .62
Mid [2500 | 79.38 | -.M82| .go| -.p0d 1.361| -.77B1 1.267 ] -.300| .obe| -.253] 1.085] .53x| .96 | -.027| .3TH| -.013 ATh
Rear (2500 | 79.38 | -.7es| .113] .o%9 ¢ k35| -.w3 ) 2.823 | -.%64| .008| -.0l8[ .891] .sBO | 1.h01 | -,031( .396 | -.018| .16
Both sildas loadsd
198.5 | Front | 500 [ 90,15 |-0, 0.789| 0.092 | -0.018 | -0.177| oO. 0.618)0.663 | 0.769| 0.%8% | 0,623 | 0.781 | 0.070 | 0.08k | 0.173| 0.172
Wa | %00 | .15 | -,115| .73 L2151 -.1%0( -.000| . 583 | .6h7| 822 931 633 857 [ .083 .0k8 AT . 162
Rear | 500 | 9005 | -.246] .m3k]| .313| 181 -.ak2j .hep | moh| 6ha] 88|  .meh] 629 | . 087 .08 | 78| 163
130.0 | Fromt |1500 | 167.63 379 e.180 658 | -.386| B8 | r.or7|1.e65 | 1.264| 1.37T| L.228 | 1.Beh | .e258| 6T .38 306
Mid 1500 | 167.63 | -.100| 2.065] . 581 -.307) .936 | 1.0k f1.206] 1.90k] 1,26k l.22 | 1.629 ATk | L3323
Rear |1500 | 167.63 | -.603( 1.989| 1.185| -.577| -.m2| 1096 | 832|183 | 1.786 905 | 113 | 1.853 886 170 .330 .315
50.0 | Fromt [2500 | T79.38 | 1.841}3.137| -.1B1) 2.248| -.687} .290 | 1.203| .93 2871 1197 4881 ger | L48T| 329 .1%8 .15)
WA 2500 | 79.38 6620 3,002 o8| 1009 -.B6 [ 1.193 | .s87| 661 5| .8o9| .30 | .Ber | .55 3m1| AR .108
Bear |2500 | 76.38 | -.679] 2.keh| 2.%0 ) -.016| -.ske{ 2.8 | .o52{ S4T| 1.325| .M33| A5k | 1,320 hop | k2| 155} .

6%




TABIE IT

SUMMARY OF LOAD COEFFICTERTS ARD FROBABLE ERROR3 FOR STRUCIURE A

Eayation Load coefficient, ajy for equation (37) - opanle
Preliminery
VI. a5, a0 a a, a P.E (VL), b
570 £ 10 -1300 * 35 570 £ 10 (s £ 1) x 10°% | (8+1)x 10 28
= - . = - e el oa. 1%
321 322 . 323 L eBe \JFT.), 4lla =L
" 15,700 ¥ 1570 $8,550 * Liop 14,190 * 1860 (830 * 70) x 10°4 1967
v a1 8o L auL 86 E.E. (VR}, 1b
R 700 ¢ 33 330 t 20 25 t 25 {72 x 0% | (35%6)x wH ke
M 851 852 853 a5 P.E. (M3}, in.-1b
12,950 £ 2250 | 90,400 ¥ 5650 | 19,450 * 1750 (750 * 116) x 10~% 1493
Final
Ioad coefficient, a'yy for eguation (39)
T a' a'ys a'3 aly P.E, (VI.): 1h
L 605 T ks 295 % 50 0 680 t 30 28
M m'ay 8'pp e'og a'ay P.E. (M), in.-Ib
11,280 + 21%0 509,730 * 2270 0 34,720 ¥ 13%0 1305
W a'3 a'zp 8'g 103? B.E (Vg), 1
0 705 + ko k790 t 25 0 37
- a'yy 6'y a'y3 LAY B.E. (M), in.-1b
R o 0,810 £ 1170 -1k,180 * 12h0 479,970 * LT90 1060

“RARA
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TABLE IIT

DISTRIBUTED CHECK LOAD DATA FOR STRUCTURE A

Combined bridge response, p

Distribution
(fig- 10) pVL DML DVR pMR
Ay 0.266 0.405 0.426 0.443
Shear and moment comparison from equation (39)
L My, VR Mg
A, Applied 2250 226,420 | 2250 206,420
Calculated 22h0 228,000 2320 223,000
Difference 10 -1380 -T0 -0
Percent difference 0.4 -0.6 -3.1 -1.5
et Y e o
‘W

HE

€662 NI VOVN
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TABIE 1V.- LEFT GTABILIZER SHPAR EQUATIONS FOR STHUCTURE A
(a) Preliminary squaticzs
From teble I and equation (37), {er} - =l {3

1 Py (£ 27" wWrp My x 2073 Mg x :.0-3_ )
1 o] -0.322  -0.1k3  -0.23 [ 90.15
2 ) -0.303 -0.121  -0.187 [ $0.15
. . A . .u
11 500 0.619 0,187 0.637 .13 ] LIy
. <o Al e
. - . - . - . ‘n
96
23 1500 0.668  -0.386 0.418 167.63 167.63
a =27 |2500) -0.015  -0.5h2 2.586 79.38 9.38
22,839 18.051 BN 9.650 T -0.5017 x 107 11198 x 105
T -12,250 b3 1.470 -6.732 5,868 x 105 -6.161 x 105
{HRII' fﬁz,}} =< smT D am Enll'llnl—l] = a0 £.6% wkm 6M3x1D  20.25 x 10
1h, 848 x_105 -0.%02 x 105 5268 x 107 6.403 x 107 25,9 x w10 mu&xw“_’
29,697 x 107 [12.196 x 105  -6.161 x 105 20.225 x 107 _ 12.758 x 100 25,913 x 2030
Using the atep-by-step procedure for solving simu 0 q) given in réference 12 ’
0.80062 c.k2g32 06.08073 0.12868 x 1077 -0.11270 x 10°%
. 0.42932 1.65787 0.30066 0.38465 x 10°2 -0.81872 x 1075
E_Inll’lln@ - 0,08073 0.30066 0.1335% 0.08599 x 1> -0.11168 x 10-5

0.12858 x 1073 0.38465 x 10~ 0.08599 X 1079 0.19392 x 1019 -0.10671 x 10-10
-0.11270 x 1073 -0.71872 x 0% -0.11168x 107  -0.10871 x 20~0 0,178 x 16-10
From equation (30),

.3 o
- . ~130%.5
::.i - ﬁ],”’"]]n m-l JR])® { ‘1} - p;?:m
‘DJ 5.2 x 1070

Fron tadle T, > vy = 52,500,000 and from equation (19),

22,839
-12,200¢
S 6w a 52,500,000 - (5675 -2305.5 579 2.5 x 10°5 .1 x 103 33,817 = 37,000
14,848 x 10°
29,697 X 103
From equation (18) for n = 27 and” q = 5, the probabls error of estizate P.E.(Vy} = 26 1n.
By using the elements cu the pr . 1 of the loed metrix Hlx!rf“n 11']'1 ant aquation (22),- tbe probable errors in
the preliminery load cosfficients were
P.E.(821) m +12
P.E.(a10) VL& 36
P.E.(a13)> = 28 ¥o.1335 - 10

P.E.(ay)) Yo. 1539 x 10-20 £11 x 107
P.E.(a5) fo. 1787 x 101 112 x 10~3

From ecvation (32), the calculated attenuation required for electrical combination of the three shear hridges mounted on the left
stabilizer vere ’

370 30
M1 " Tigeq Mir Wk ? Tgg ViR

8imilar procedures vere followed to cbtein Pry PVR' and Puy
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TABIE IV.- LEFT STABILTZER SHEAR EQUATIONS FOR STRUCTURE A - Concludad
(b) Final equations
From table I and equation (39), {V'L} = |le H{a.'}

1 va QML pMR
~
1. (o -0.01T  -0.013 0.191
2 (o] -0.017 ~0.120 0.191
11 500 0.067 0.176 ~0.016 .
g}
. o>l iy
. . . . .
. - . - e 14
23 1500 0.170 0.315 0.332
n =27 2500 | 0.266  0.ko5  0.4h3
143.5 0.9836 0. 7675 0.270k

@IPHT{V'I}} = <5797.0p  and EIoHTIInIH = [0.7675  0.9586  0.3833
2718.0J 10.270k  0.3833  L1.109k
2.71549 ~2.21879 0.10379
-1
E];,“T”p_lﬂ = |-2.21879 3.02070  -0.50251
0.10379  -0.50291 1.04989

a'u R
\ 2
a2z { = [lle®lel]] [lell® {ru} b = Jo0hn
allll. 679.7
From table I, zv'f = 52,500,000~ &nd from equation (19),
T183.5
Z‘VLZ = 52,500,000 - [6846.4 294.1 679.7]< 579704 = ko,kig

2718.0

From equation (18) for n = 27 and q = 3, the probable error of estizate P.E.(Vy) = 28 1b.

By using the elements on the principel disgonel of the inverse matrix EIQ”THDIH_I and equation (21),
the probeble errors in the Pinal load coefficients were

P.E.(a’14) V2. 7195 6
P.E.(a';p) > = 28<V3.0207 » = < h9

P.B.(a'yy) 1.0499 129
The final left stabilizer shear equation which was used for the evaluation of the flight data was

VL = (6845 & W3)oyy + (295 £ 50)u + (680 £ 30)eygy
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Applied loads
. -h .
M'x 1077 My > 10
in,-1b in, 1b
1.209 1.309
1.209 1.373
1.209 1.563
1.153 1.309
1.102 L.175
1.102 1,842
1.102 1.309
1.0h3 1175
.588 1.03%
.68 1.30%
988 1.173
S 1.03%
1.738 1.T13
1.738 1.919
1.738 2.073
1.613 1.773
1.485 1.467
1,483 1.613
1.48% 1.773
1.3%0 1.467
1.838 1722
483 |t 190
1.838 2,200
I.635 1.722
1.h%0 1.226
1.k30 1.k713
1.k30 1.722
1.338 .921
1,338 1.63%
0 213
-T20 STh
T30 .921

e
A
e

1232 R

$eEka
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B
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3
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e
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o
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Mg 1"Viry| Mor, “TrT
0.389( 0,154 0.295| 0.092
A405| .137] .324 .001
Jbok| 134 | 3Loj-~.089
.378| .1ko{ .300| -.002
.3&7 .16 . .053
3621 134y 287 -.003
36T 14| .309(-.067
.335] .138| .26W .009

.321] .akkf .21

.303| .1k%| .233| .01k

534 .362) .380] .251

589 .3e2| (Bh7p .01

5T3| .299] .hofl-.153

5eo| .326) ko7 .oe2
250

.ol s3al kgl o053

JB1g| Lisdl 5ol -2kl

has| 77| .225| .30
kig| 543! .208( .om9
L3l Jhs3| Jhoo|-.266

,372| 1.kok| .023| .397
i3 L535| .367| -.283
.269(1.3%8] ~. 184 .301
.Ak8l .830]-.03k .195
Lk7| Jbhe| L223]-.185

0.170
.1k
L1143
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TABIE VI

BUMMARY OF PRELIMINARY LOAD COEFFICIENTS AND PROBAELE ERRORS FOR STRUCIURE B - LEFT SIDE

Probable arror

Equation for Ioed cosfficient, b;jj for aquation (b0} of estimte
by b3 bk Bys bg byq big P.E. (V)
535 & 12 hos + 7 -194 + 8 15 1 | cmcmaamann | ;e | e 9
Vi, 570 12 io 7 200 ¥ W0 | cmmmemeeee 5 | R [ e ae— 11
1 l#| sh5:r 11 Yho + 8 B R I BTy [N T T R R —— 9
50 * 13 Mot 11 D15 2 15 | cmmmmmmaeie | mmmiecimne | memmee———— ks £ 20 13
boy o3 boh b, bog by bog P.B. (M), in.-1b
2635 + 3% | 2815 + 200 | 26,600 £ 250 | 5650 ¥ MO | —emcmmmmmon | mcmcme | e 280
Ny -1920 ¥ 330 | 200 + 190 | 28,130 % 280 | ---eemeema- 4650 + 370 | --- - - 300
*| -2260 + 310 { 3600 * 20 | 27,280 % 260 | ~eeemommme | cmmeiee e 5280 * 380 | --memmmemee 270
-882 + 450 | 2900 % 380 | 26,750 t 500 | wemwmmemmom | ccmcmmmaae | e 4100 t 670 ka6
b Han hat Bor Baer bon P.B f__.- \, 1h-1in
"3l -3 “3% "33 36 =37 8 L S
*| 5450 4 435 | 6115 % 250 | 17,390 % 310 | -6R4O £ U0 | wommmrannn USSR | 278
Ty ~7185 + 530 | 7025 + 310 | 17,750 % 390 | —mmmmmmmeme 3625 % 600 | ~mmmmmmmmmm | wmmnmemene- 18
6475 £ 500 | 5725 £ 375 | 18,645 1 425 | —mecorimoun | memcmemmee- -bBT0 £ 615 | ~mmmmmmeee 430
-686% + 400 | 5410 * 345 | 20,040 & BAS [ —commeemmen - I -~ | -5845  6c0 384
byo bl3 Dy by by6 by bag P.E (VLE), b
h1o * 1k k6o £ 9 -33 13 125t220 | roeaeee - -—- 1k
i, k1% + 15 ko + 10 L1116 | e LI A R R [ e — 17
#| K5 t12 480 + 11 6 14 U (U 185 + B | cemmmmmmeee 13
k55 * 1k W5 + 94 37121 | - —_— N b6 + 26 17
bop v53 st bss bes by b [ PE (M), tno
5690 + h30 | 3570 * 290 | 32,200 £ L0 | 310 £ 680 | cocormmacan | mmmammmceen | eecceeaeeen ko
Mo |#| 6390 ¥ 320 | 3960 * 150 | 31,735 % 380 | —-mmm-m-mm- LTH0 % 660 | ~oommmmmee | ammmmmemn koo
-5840 + 390 | 3780 % 350 | 31,950 t LBO | ~rmr—ememcs | mmmmmmmaaaa 660 + 610 | mmmmmmemee k30
5hoo +370 13300 2 380 | 32,180 £ 5T | cemmemmemee | mmmen oo -hoo % 710 h50
*Equations used for determining combining ratios. W
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TABLE VII

NACA TN 29935

SUMMARY OF PRELIMINARY LOAD COEFFICIENTS AND PROBABLE ERRORS

FOR STRUCTURE B - RIGHT SIDE

Equation Load coefficlents, bjj for Probable error of
for equation (L42) estimate, P.E.
VR, b1l b33 byy P.E. (le), 1b
655 t 10 380 £ 5 -225 * 10 10
by bo3 boy, P.E. (Mg;), in.-1b
MR, 3150 t 525. | 10 175 | 27,240 * L90 557
¥ | 3165 £ 375 | ----emeoe- 27,245 7435 5L8
T, /b31 b33 b3y P.E. (TRl), 1b-in.
. -10,635 * 495 | 7990 t 85 | 17,075 £ 450 509
v b2 by3 by, P.E. (VRp), 1o
By |* 195 t 15 k2o % 10 -50 * 17 20
k95 * 15 395 £ 8 | comceemmooe- 21
E. (M .-
MR b52 b53 b‘jll- P.E ( RE), in.-1b
2 -4675 300 2700 * 215 | 31,565 + 350 403

¥Equation used for determining combining ratios.
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TABLE VIII
FINAL CALIBRATION DATA FOR STRUCTURE B
Applied loed Left stabilizer Right stebilizer
Station ( Row ) » 10"1’ ¥ 10‘1" o 10‘1"
no. fig. 11)| v* 'x A M x S|P % ] ;i
& lb’ lm._l‘b in.-1b 1b-1n. Dle DVLQ le pMIQ prI’l Dle pvRE pMRl pu& DTR].

Left side loaded
9 Rear 250 1.209 1.463 0.gho 0.367|0.490|0.364 |0.358{0.h52}-0.039|-0.028] 0.010|0.029|0.079
9 Front 250 1.209 1.309 .T15 .383| k17| 373} .3%8| .337| -.011f O .007| .01k .023
8 Rear 250! 1.102 1.309 87k .390| .48g| .326) .335| .418] -.039] -.019| .009| .030f .OT7
T Rear 250 .983 1.175 .80k .384 .u89| .292} .321} .3683| -.038| -.018 .006| .02kl .oT2]
7 Front 250 .988 1.035 .560 316 .B73) .303| .293] .266] .00 .o007) .007| .0l10| .013
6 Rear 500! 1.738 1.773 955 10| .966| .521) .26T) .723| -.068} -.037| .025[ .oLS| .126
5 Rear 500 1.485% 1.773 1,308 .T62] .9631 .hh3| .5ob| .650| -.060] -.033] .o1k| .olS| .11T
5 Front 300 1.485 1.46T STTT TS .931] LBLk| .150] .388[ .018] .o015] .oo2i-.007]-.
b Rear 50 1.838 2,200 1.721 1.130{1.k22{ .558] .37k .877| -.076| -.038| .016| .052| .139
3 Rear 750 1.4k30 1.722 1.h71 1.133|1.425] k26| .573| .T54| -.070{ -.035| .016] .okTl" .128
3 Front 0 1.430 1.226 .608 1.117}1.385| .h19| .uko| .282] .0%6| .038] .ooi)-.o027|-.
2 Rear 1000 1.338 1.634 1.610 1.488]1.843] .kik| .300] .820{ -.072| -.037| .015| .oW9} .137
2 Front |1000 1.338 .921 Jh11 1.505|1.858] .ko8| .Lkhk3| .2u8] .103]| .070{-.009|-.0%59{-.179
1 Reer 1000 .T50 921 1.2%0 1.4811.756| .262{ .21k| .5%8| -.0%9| -.032| .010| .037] .103
1 Front |1000 .T50 .215 [¢] 1L.b7el1.603| .262) .266] .i7i] .120| .O7S|-.013|-.0Th|-.218

Right side loaded
] Bear 250 1.209 1.463 0.940 .033-0.003|0.036]0.0k0)0.020] 0.325] 0.438]0.368]0.358[0.k01
9 Front 250 1.209 1.309 -T15 -.004 .002| .013} .010| .008] .301| .399| .3k5| .333} .355
8 Rear 250 1.102 1.309 .87k -.024 -.005] .032| .033| .o19] .32| .Lk1| .337] -332| .386
T Rear 250 .988 1.175 .80k -.029 -.003| .028| .032| .012{ .32h| .k31| .286] . 354
T Front 250 .988 1.035 560 [¢] .002| .00k} .00k| .002| .289] .392| .278| . 297
6 Rear 500 1.738 1.773 .953 -.0L§ -. .050] .054} .02k| _6h0| .8Th| .532] .518] .6L5
5 Bear %00 1.485 1.773 1.308 -.039 -.007| .ouk| ,046| .021] .653] .87h] .h5T| .W%0| .572
5 Front %00/ 1.485 1.567 Roaud 017 .012]-.005|-.006{ .002] .=9k}| . .417] .380| .438
3 Rear T50 1.838 2.200 1. 721 -.0k7 -.008] .05%| .057| .0o2k| .gk2| 1.2¢2| .581| .576| .788
3 Feer T50 1.430 1.722 1.571 -, Ol -. .0%0| .o5k| .02k} .978) 1.312] .k65] .45S| 665
3 Front 750 1.k30 1.226 . .043 .0141-.0331-.039|-.009] .909] 1.259| .388( .300( .348
2 Raar 1000 1.338 1.634 1610 -.0k8l -.009( .050| .055] .025] 1.2T0| 1.691( .h29| .kho| .T89
2 Front [1000 1.338 .921 b1 .087 .03%]-.057|-.075|-.021] 1.2k2| 1.7hk| .k13| .238} .216
1 Rear 1000 %0 921 1.250 -.034 .001| .039] .o42| .019| 1.219| 1.576| .186| .219] .615
1 Front {1000 .50 215 0 . .023|-.079 [-.090]-.031] 1.292| 1.h74| .311| .105}-.

Both sides loaded
9 Rear 250 1.209 1.1463 0.9k0 0.357/0.489]0.382 |0.381}0.k62| 0.277] 0.405]0.384{0.398|0.498
9 Front | 250 1.209 1.309 -5 .389| .hgk| .380| .344} .3h1| .288{ .ho2] .357| .352| .387
8 Rear 250 1.102 1.309 .87k 356 . .355| .350| k33| .20%| .hol| .338} .35%| 44T
T Bear 250 .988 1.175 .80k .352| b9l .313] .315] .393] .283| .ho6| .303) .318] .k17
T Front 250 .988 1.035 .560 .388} .k81| .309| .276| .21} .297| - R 278 .315
6 Rear 500 1.738 L.773 955 719 .9%0f .56%| 567\ .738{ .578| .822] .58 .587) .
3 Reer 500 1.483 1.T73 1.308 LTk .gsk| L488| k98] .680| .%92( .830f .kos| .520] .T=20
5 Front 500 1.k85 1.467 LTTT .T70) .935] k52| .377] .360| .615| .821] .hik| .3T5] .he2
[ Rear TS50 1.838 2.200 1.721 1.093/1.438] .608| .627| .922| .890| r.272} .601| .630| .932
3 Rear 750 1.k30 1.722 1471 1.073(1.397| 1651 .k90| .TT5| .909| r.266] .486| . STTT
3 Front T30 1.h30 1.226 .608 1.151]|1.511) .392( .268] .282| .964| 1.269f .376| .268] .264
2 Rear 1000 1.338 1.634 1.610 1.415|1.804| k68| .50k| .860} 1.212] 1.670| .h29| .kT7| .912
2 Front {1000 1.338 .921L R51 1.542|1.930| .3k7| .142| .232| 1.326| 1.794| .418] .193| .05T
1 Rear 1000 750 .521 1.2%0 1.516}1.737| .295{ .303| .572] 1.1kk| 1.528] .190| .253| .70L
1 Front (1000 .T50 215 ] 1.58511.6k] .282] .00k .1%9| 1.369| 1.515] .279| .032]|-.298




TABLE IX

SUMMARY OF FINAL LOAD COEFFICIENTS AND

PROBABLE ERRORS FOR STRUCTURE B

NACA TN 2993

F
equiraliion Load coefficlents, b'yy for equation {45) Probeble error
for of estimate, P.E.
v, bl b'6 b7 b'y8 P.E. V1), 1b
1 670 t 2 0 -90 t 15 90 * 10 10
My b'op b'og b'o7 b'sg P.E. (MLl), in.-1b
1 133,345 £ 235 525 £ 190 | 24ko + 590 | -hok5 t 325 hag
Tr, b33 b'3g b3y b'3g P.E. (Tr), 1b-in.
18,915 t 370 o} 0 0 873
v, by biys by b7 b'yg| P.E. (vgp), 1b
576 5 -112 ¥ 15 o} o 0 17
¥ b'ss b'sg b5 b'sg P.E. (M), in.-1b
39,225 * 900 0 5070 t 1980 | -5820 t 1160 k70
Vg b6y v'6n big3 66 P.E. (Vgy), 1
1 0 -200 * 25 | 200 * 20 85 t 5 18
g b7y bi7o o3 bty P.E. (MRl), in.-1b
1 0 0 0 32,315 ¥ 325 605
Tp b'gy| b'ge b'gs b'gg b'gg P.E. (Tg;), 1b-in.
1 0 0 | -1670 ¥ 430 {2430 * 565_ | 16,545 565 1017
VR2 'bl9l b'92 ‘b193 'b'99 P.E. (VRQ)’ 1b
0 -115 t 30 95 t 25 605 +°5 22
MRe b'lo,l b'10,2 b'10,3 b'lo,lo P.E. (MRe)i in.-1b
0 7300 * 1215 -6665 * 905 | 36,965 475 822




TABLE X

DISTRTBUTKD CHECK LOAD DATA FOR STRUCTURE B

Combined bridge response, p

-

nie(‘trmrbion
fig. 21
& 2 1y ) Pl M1, M, o¥R) ) PR, P8, Pg,
By -L.92k | -1.273 ~1.321 -2,524 | -1.1h0 -L5TL | -1.175 -1.337 -2.201 | -1.106
By -1.6896 | -1.2k0 -1.303 ~2.535 | -1.107 0.795 | -0.583 -0.673 -1.101 | -0.5%2
By -0.927 | -0.617 -0.663 -1.221 | -0.%65 -1.5T8 | -1.147 -1.305 2.200 | -l.082
Shear, moment, and torgue comparison from equaticn (L5)
e ¥y Ty Vip Mo 8y Nzy R; By ¥ro
By Applied -1300 -38,330 —23,580 ~1300 -40,800 -1300 -38,350 -25,580 -1300 -Lo,800
Calculated -1299 -ho,736 | -oh,992 | -1396 -ho 883 | -12ke 37,995 | -23,723 | -12ke ~41,378
Difference 1 -2386 592 -26 -2083 58 395 1857 58 -578
Percent difference -0.1 6.2 2.3 2.0 5.1 -b.5 -1.0 7.3 -4.5 1.k
By Applisd -1300 -38,3% | 25,580 | -1300 -4o,800 -650 -19,175 | -12,792 -650 -20, koo
Calculated -1275 -ho,46h | 2h.6h2 | -1336 2,459 634 -18,830 | -10,890 -63% =20, TTT
Difference o5 211k 2 -36 1859 16 3ﬂ5 1902 16 -377
Percent difference 2,0 5.5 -3.7 2.8 .1 -2.5 -1.8 -9 2.5 1.9
By  Applied 6% | -19,115 | -12,792 [ 65 | -20,B00 | -1300 | -38,3%0 | -25,58% | -1300 | -lo,Boo
Calculated 635 | -18,930 | -12,543 | ko | -20,393 | -120 | -37,073 | -2k,315 | -1250 o, 093
Difference 15 alis 2h9 10 17 50 1277 1283 50 707
Percent difference -2.3 -1.3 -2.0 -1.5 o -3.9 -3.3 -3.0 -3.9 -1.7

qdL
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(a) Typical strain-gage installation of shear and moment brldges.

(b) Electrical-circult diagram for a
single four-active-arm bridge.

RN

RZ QY

_ : 3 B i
NP7

“ﬂNVVﬁ?§ Galv

(c) Electrical-circuit diagram for two bridges combined.

Figure 1.- Typical strain-gage installation and electrical-circult
diggrams for a single four-active-arm bridge and for two bridges
combined.
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NACA TN 2993 51

3¢ Shear bridge
—Z Moment bridge

Fuselage side
-1 | T T —-
—— 4 l e — -l_ —_—
1 - - :X: | ! -}{ - - 7 Rear spar
f i Midspar
;' Front spar
¢,
18.25 0 18.25
Right stabilizer Ieft stabilizer

Figure 2.- Strain-gage bridge locations for structure A.



3¢ Shear and torque bridges
—~ Moment bridges

Section A-A

Gage station 1

Gage station 1

Gage station 2
Gage station 2

Torgue station

12.50 0 12.50 @

Distance from center line, in.
Left stabilizer Right stabilizer

Figure 3.- Strain-gage bridge locations for structure B.
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——
it

| S
Midspar ’f)"

18.26 50.00 130.00

— - /
Front spar —”/’%:;’////”/d
ront spar___

Point lcad, 1b
O 500 E
0 1500
<> 2500 =|
Fuselage side @
g, O
| [C;age statlon
T
I —————— Ao ] e ——
————— - e —— _\
{
. = Row
— {.).Beﬁr_Sp - -p - -~ O - - Rear
. Mid
l e — —D’_ - -

198.50 263,00

Distance along semispan from center line, in,

Figure 4.~ Loading points for structure A,

44
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Influence coefficient

54 NACA TN 2993

8x 1074

Gage location-\

-4 =

5 Applied right load

() Front spar.

-12! 1 ! t 1 I L I 1 i 1 1 ]

18 x 104 -

_ A\ : : - (b) Mid spar,
0 — L L] 1 ) [} \ 1 1 | - W ]

12 x 107% - . -

0(;

gL 1 t I i 1 L 1 ¥ 1 .| 1 i
240 200 160 120 . 80 - 40 0 40 , . 120 180 200 240

Distance elong semispan from center line, in,

Figure 5.- Influence coefficients for structure A - uncombined right
shear bridges.



NACA TN 2993

-4
12x 10 Applted left losd |  Appled right load
Row
8- = OFI‘OIJL
OMid
ORear
4~ N
Gage location
/ (a) Front spar.
Ol L 1 ] 1 L A/ 1 |
_4— -
-8 1 1 1 1 1 L 1 1
8x1074 o
s.l>
- 4_ - Gage location
Q
ﬁ / (b) Mid spar.
§ 0L 1 N 1 1 ! / L 1 1 1 1 1
-3
£
=
g I
-sL 1 ! 1 1 1 B 1 1 ] 1 b I
16 x 1074 -
12 I.E
.
8 - -
4 -
Q¢ 1 1 1 1
-4 _
-8 L ! ! ! . 1 i L 1 1 1 I 1 f
240 200 180 120 0 40 0 40 0 120 160 200 240

Distance along semispan from center line, in.

55

Figure 6.- Influence coefficients for structure A - uncombined left

shear bridges.
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-4 -
20 x 10 Applied left load Applied rigit load
18- o Row
OFront
O Mid
12~ -
8- __ »
i Gage Locs.uon\_
\ {a) PFront spar.
0' 1 1 1 1 1 1 1 1 1 1

-ak

18x 1074

I
v

12—

a-

Influence coefficient

oL

24 x 1074

18

12.

0y

-8L
240

Figure T.- Influence coefficients for structure A - uncombined right

R 1 t L t 1
120 80 40 [] 40 80
Distance along semispan from center line, in,

moment bridges.
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8E NACA TN 2993

b 20 x 104 r
Applied left load Applied right load

6.

O Front
< Rear

12—

| Qage location
/ (a) Front spar.

o] 1 1 1 2 [ / 1 1 L I 1 1

12x 107 o

1.3
t <

[++]

]

T

Influence coefficlen
°
\\
P
S
g
=1
3
¥

-4 L I 1 [} 1 ] L 1] 1 1 1 1
24 x 1074 —

16 i

12 - -

(c) Rear spar.

01

-4 1 1 1 1 1 L L ] 1 1 1
- 240 200 160 120 80 40 0 40 80 120 180 200 240
Distance along semispan from center Iine, In.

Figure 8.- Influence coefficients for structure A - uncombined left
moment bridges.
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-4
8x 10 r
Applied left load Applied right load - OFront
OMid
4- L {ORear
Gege 1ocation\ G % 5
o : ¢ ] 1 ~L oy ) L 1 1 I
-4— -
{a} Right shear.
-a- 1 1 1 T ! ) L " 1 t ) 1 1
-4 - - . - .
8x 10 r -
4_. - . -
/Gage location
ot ) 1 1 L ] ('/ [ L [ ) Y 1
\o . O = o
ale -4~ : -
{b) Left shear. (
g
3 gL | | ) ] 1 | ! ] I 1 1 1
ES ; - .
g sx107 - =
§ B
g
g 4 :
Gage location\
o] ta, —1 P —— . S !
A © N o
-4_ |
(c) Right moment.
-8L I ' | 1 ' L I I | 1 ! I
gx 1074 ~
4-
oL 1 ‘j) 1
~4- . - VW
(d) Left moment.
-8L i 1 ! b 1 L 1 1 1 1 ) 1

240 200 160 120 80 40 0 4 8 120 .160 200 240

Distance along semispan from center Une, in,

Figure 9.~ Influence coefficients for structure A - combined bridges.



Loading| Applied Distance along chord from L.E. to
zones | load, 1b load centroid = 44,2 - 0,137y
ZA 375
ZB 500
2 625
ZDp 750
/_Ga,ge station
\ —_—
M ——
—— ] T ——
—— —_— e —_— -
|
| Zp | Z¢ | 4B [ ZA [

Load
_—— centroid

p— e | line
' — — —
-’/ -~ —

| = S

T

0 18.25 70.00 110.00 150.00 190.00 263.00

\

Distance along semispan from center line, in,

Figure 10.- Symmetrical distributed check load Al > applied on structure A,
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%0
09

Station | y,im. | 3,,in 1
~
1 7.5 1.9 Ve
2 13.4 9.7 -
3 191 | 183 y
4 24.5 22.8 -~
b 29.7 29.3 //
6 34.8 35.4
7 395 41.4 ————Gage station 1
8 4.1 | 469 /\ - :
48.4 b2,
i 3 Torque reference line /_‘%M S Gage station 2

Final calibrate loads indlcated
by solid symbols

—771— Torque gage station
Va

: Applied point load, 1b
Front O 250
A ~ 1 500

Md O 750
A1000

1
\
¢h62 I YOVH

; Figure 11.- Lomding peints for structure B.
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12x 107%

(a) Front spar station 1.

Row
OFront

e location:
Geg 0 Mid
ORear
0 ! [ l | ] i | |

[

16x 1074
(b) Front spar station 2,

i
v

Influence coefficient

24x 1074
(c)Rear spar stations 1 and 2.

20— >

18—
12
Gage location
8 I / I I L ! 1 L 1
0 10 20 30 40 50 60 70 80

Distance along semispan from center line, in.

Figure 12.- Influence coefficients for structure B - uncombined right
shear bridges.
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. NACA TN 2993
16 x 107
(=) Front spar statlon 1.
13 -
8 b
4
Gage locatlon ORear
0 | / { 1 | | 1 | !
-4
18 F: 10 (b) Front spar station 2.
:qb 12~
]
s sl
Q
g 8
s
(4]
& o
é Gage location
0 ! 1 | 1 1 ] 1 1 J
20 x 1074
18 L
12
8 }— (c) Rear spar stations 1 and 2,
s ~FEE
Gege location e AT
0 ! #/;7a 1 1 I 1 L |
0 10 20 0 40 50 T80 70 80

Distance along semispen from center line, in,”

Figure 13.- Influence coefficients for structure B - uncombined left
shear bridges. T
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186x 107
120
8-
(a) Front spar station 1.
4 Row
Gage location OFront
O Mid
O Rear
0 | I 1 )
~4 L 1 | I I ! } }
16x 107
©
O
12 - o
L
:.l:> 8
i
E 4 |- Gage Iocation
§ (b) Front spar station 2.
(3]
g o 1 ndPr i I 1 1
: s
4 L | | | 1 1 ! [

20 x 1074

6

0 1 I t I I

I

0 10 20 0 40 80

€0
Distance along semispen from center Mne, in.

63

Figure 1k4.- Influence coefficients for structure B - uncombined right

moment bridges.
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L
v

Influence coefficient

16

12

NACA TN 2993

X 10'4

-

8} o (a) Front spar station 1,
4| Row
CFront
Gage location O Mid
/ a ORear
o i = 1 1 1 1 ] |
16 x 1074
12
a —
4 CGage location
0] —L )
- b ! ! I 1 ! ! 1 1
20x 1074
16T- R
12t
8- NECA.
Gage location
4 (c) Rear spar stations 1 and 2.
©)
0
0 L ¥ 7 1 1 1 I 1 4

Distance along semispan from center li.ne,— I

Figure 15.-~ Influence coefficients for structure B -~ uncombined left

moment-bridges.



9E NACA IN 2993

i 8x 107
O, S 0, O
. 41— o, Oy e (a)Front top.
O,
-]
0 1 1 | ST e 1 I
O, O—O—LD0=L—0
<L I I T } ) I I
8x107%
4 |-
0 1
_4 - I
8x 1074
:5_[;> 41
o
L3
g
sl | i | 1 I | ! I
8x10"1
4
0 I
-4 -
sl ] t 1 i ! 1 ! i
- 0 10 20 0 40 50 60 70 80
Distance along semispan from center line, in.
. Figure 16.- Influence coefficients for structure B - uncombined left

torque bridges.
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Influence coefficiant,

20 x 107

16

12

—— -
=] .

X

e
o3

(8) Yronot spar shear,

¢ S O )
{b) Rear spar shear. O s

-
(=]

F3

(c) Front spar moment,

|
40

Distance along swsep axis from center line,

|
B0

I 1 I | ]
80 n 80 g0 O ‘10 &0 0 40 80 0
in. Distance along swesp axls from center lins,

Figure 17.- Influence coefficients for structure B - uncombined left

shear and moment bridges, gage station 2.
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16x 107
TOOO0N B0

13 -~
Applied left load

Gage locetion
Ol 1 1 x

AppHed right Joad

OFront

<A

)
e 00 - O
0‘00000
B {s) Left stabilizer shear, (b) Right stabilizer shear.
T 4L 1 I | ! ! ! 1 L 1 - 1 I ) !
g
'g 18x1074
g Applied right Joad
g 10 .
'ﬂ 1a
8-
4_
Gage location
OK
oL 1 ¢¢°°°&¢ <, 1
OQQ
(c) Left stabilizer moment. (d) Right stabllizsr moment.
4 i i i i i i i i i ! i I

80 60 40 a0

20 40 &

I L
a0e0 a0 40 20

Distance along semispen from centsr Mns, i,

Figure 18.- Influence coefficiente for structure B - combined bridges,
gage station 1.
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75 Ofmnt .
& .'...0"‘
18 . - T - - &

Apphied loft Joad | Applied Tight load
o|:>12 - | _ |.

4 - Gagelocaﬂnn—\ | - . [Gﬁgem

0l 1 1 \I J_nu@%@m@@ o n.—.-.'__. 01 J;

(a) Lef stebllizer shear, () Right stabllizer shear.
- i 1 1 | 1 | ' oL I 1 | . 1

16x 107t - - -

Applied left loed Applied right load

—_
N .
"}:

T

}

]

aL-
P
g
5 g~ | - L
L]
a
8
g 4 - l-//—@sﬁmﬁm - Gege Jocation —._ .
g - (. .
o 1 :KL/ 1 ot A?ﬂ‘:._- 1 1 N |
o0 S 6 G
{e) Left stabilizer moment, (¢) Right stabillzer moment.
4L 1 1 1 L, [ 1 1 1L 1 1 | L !
[:9] [} 40 i 1] 23] 40 a0 m 0 a 40 ) 0 20 o0

Distence along front spar from center line, in,

Figure 19.- Influence coefficients for structure B - combined bridges »
gage station 2,
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20x 1074 -

Applied left load Applied right load

O Front

Rear
12 -

ol 1 1 1 =o—C =P e
(2) Left stabilizer.

p
v

4L i | 1 B 1 ] ] 1

20x 104 . —

16 -~ L

Influence coefficient

12 — : =

(b) Right stabilizer.

-4 L | ! !
40 30 20 10 0] 10 20 30 40
Distance from torque reference line, in,

Figure 20.~ Influence coefficients for structure B - combined torque
bridges.
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Loading | Load distribution, 1b

zomes | B, By Bg Distance from torque reference
Iy a line to load centroid
‘{'A 100 100 50 dllive WS S
zB | 300 | 300 | 150 x = 0.8581y +0.286

ZC 400 400 200
ZD 500 600 250

0001 - 85-11-8 - LTHWI-VOVN

Gage station 1
ZE | 100 50 | 100 X _7
Zr | 300 | 150 | 200 <2
G 400 200 400
SH_] 500 | 250 | 500
| |
Zp | \ N ZH
e L L N | Tomaue roference lne
A \1\ e} J
I INO
- ~
| ,“A Y L.\ X
Zone-”| “ 25 12.5 | 12.5 \\\I 1] l |
A \\
- |
Load - < 1
centroid 4 r ~
Hne | 70.0 56.0 42.0 28.0 28.0 42.0 58.0 70.0 |
78.8 78.8

Distance along semispan from center line, in,
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Figure 21.- Diatributed check loads By to B3 applied on.structure B.



